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Qiu, Hangxia, M.S., August 1990 Chemistry
Influence of Metal Ions on Wood Pyrolysis and Chemical 
C haracte riza tion  o f Pyrolysis Tar(61 pp.)
Director: G eoffrey N. R ichards
W ood is a class of renewable biomass which can be converted either to liquid fuels or to 
chem ical feedstocks by pyrolysis. Pyrolysis o f wood involves a sequence o f concurrent 
and consecu tive  reactions which are strong ly in fluenced by preva iling  cond itions. 
Natural wood contains various kinds o f metal ions as ash. These exchangeable metal ions 
in wood have a major influence on pyrolysis behavior and ta r com ponents. This research 
is the extension of our present knowledge in th is aspect. Firstly, the original cottonwood 
is ion exchanged with 0.05 M MCI to produce a cottonwood that contains no metal ions. 
This wood is then ion exchanged with different metal ions. We have extended the research 
to determ ine the in fluence of individual metal ions on pyro lysis, ta r com ponents and 
vo la tile  products. The incorporated ions include a lka li, a lka line earth and trans ition  
metal ions. Pyrolysis results o f ion exchanged cotonw ood reveal that in the orig inal 
cottonwood , mainly K+ influences pyrolysis. K+ increases glycola ldéhyde which Is the 
m ajor com ponent in the d is tilla te  and decreases levoglucosan which is the main 
com ponent in tar. Li+ has sim ilar properties to K+. The surpriz ing d iscovery is tha t 
transition m etal ions have the opposite effect from  alka li metal ions. Transition metal 
ions increase levoglucosan, while decreasing g lycola ldéhyde. Two alkaline earth metal 
ions C a++, Mg++ have d iffe ren t properties. Ca++ exerts a sm all in fluence on the 
pyro lysis, w hile  Mg++ acts like a transition metal ion. The identification and extraction 
o f va luab le  chem icals from wood derived oils is a very im portant goal for the biom ass 
the rm ochem ica l convers ion  industry. C om ponents in the  o rig ina l co ttonw ood ta r 
identified by silylation and GO tota lled less than 5% o f tar. Solvent fractionation is a 
use fu l m e thod  to  sepa ra te  com pounds w ith  d iffe re n t p ro p e rtie s . Tw o m a jo r 
fractions(#M C , #W) are obtained from the solvent fractionation of orig inal cottonw ood 
tar. M ost com ponents in #M C are phenols from lignin. Its  ̂H NMR is sim ilar to that of 
lignin. Nine phenols are identified in #MC. Syringol is the m ajor product. Com ponents in 
#W  com e from carbohydrate. There are two regions in its '* H NMR. Most com ponents in 
#W  are in these two regions. Compounds existing in the d istilla te were also detected in 
# W .
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CHAPTER 1 INTRODUCTION
R ecent e fforts '* '2 .3.4,5 develop a lte rnative sources of energy and chem ical
feedstocks have focused considerable interest on more intensive utilization of renewable 
ce llu losic m aterials. These materials can be converted to glucose and sugar derivatives 
by acid ic, enzym ic and thermochem ical m ethods. However, com m ercial applications are 
ham pered by econom ic considerations. Acid hydrolysis is slow and cum bersom e, while 
enzym ic  hydro lys is  requ ires costly  p re trea tm ent to  increase the  acce ss ib ility  and 
susceptib ility  o f the substrate. Therm ochem ical deploym ent is ham pered by a lack o f 
specificity. However, this process deserves special consideration because o f its inherent 
effic iency and com patib ility w ith modern engineering technology including flu id ized bed 
processes. Thermochemical processes are thought to have a great promise as a means for 
e ffic ien tly  and econom ically converting biom ass into higher value fuels. Pyrolysis lies 
at the heart o f all therm ochem ical conversion processes. Consequently, the theory and 
p rac tice  o f b iom ass pyro lys is  has becom e the  focus o f in tens ive  research and 
developm ent activity throughout the world.®-^
W ood is a class of renewable biom ass which can be converted either to liquid 
fue ls  o r to chem ica l feedstocks. C e llu lose , hem ice llu lose  and lign in  in d iffe ren t 
p ropo rtion s  are the three m ajor constituen ts  o f lignoce ltu los ic  m a te ria ls . "L ign in  
decom poses  before 2 0 0 °C  in pyro lysis to produce m ethanol. U ronic acids in the 
hem icellu lose and pectic substances decom pose very readily to give carbon dioxide, 
water, char (or char precursors) and perhaps some methanol. This decom position may 
lead to  further pyro lysis of the xylose units to which the uronic acid is attached in 
hem ice llu lose. Acetyl ester groups in the hem ice llu lose are much more res is tan t to 
pyro lys is , but are re leased s low ly as ace tic  acid."® Pyro lysis o f wood invo lves a 
sequence of concurrrent and consecutive reactions which are strongly in fluenced by 
p reva iling  cond itions. "The m ajor va ria b les  are (1) com position  o f the substra te  
ranging from different types of natural p lant fibers to isolated cell wall com ponents. (2 ) 
the  tim e-tem pera ture  profile , ranging from  long periods o f heating at re la tive  low 
tem perature to flash pyrolysis involving intense heating fo r very short periods (3) the 
am bient atm osphere and pressure, which can be entire ly inert, such as nitrogen, or can 
conta in  reactive m olecules, such as oxygen, w ater and carbon d ioxide (4) inorganic 
m aterais present naturally(ash content), or as added catalysts or additives."®
1
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Cellulose is the major polysaccharide in wood. Therm al reactions o f cellulose can 
be grouped In to three different types of pathway as fo llow s.^ These pathw ays com pete 
w ith each other at d iffe ren t tem peratures. The lines o f dem arcation  betw een these 
pathways shown are not sharp.
Gases, low m olecular w e igh t vo la tiles
Cellu lose  ----- ►  An hydrosugar, tar
W ater, char
Figure 1 C ellu lose Pyrolysis
The C hem ical com ponents In the ta r and gaseous frac tions  va ry  w ith  the 
cond itions of pyro lysis. The princ ip le  reaction invo lved  in pyro lys is  o f ce llu lose  Is 
depolym erization to levoglucosan. This reaction proceeds best under vacuum  due to the 
rapid rem oval o f th is  product. However, even under the  m ost Ideal cond itions, the 
levoglucosan containing fraction(tar) which am ounts to about 75%  is accom panied with 
evolution of about 18% lighter volatile products and gases(m ainly HgO, CO 2  and CO) and
leaves a sm a ll cha rred  res ldue {6-9% ).^ °  Thus, it appears th a t on ly  a portion of 
cellu lose Is converted to levoglucosan and com peting processes are responsible for the 
therm al decom position o f the rest. G.N. Richards and coworkers'*  ̂ recently proposed a 
hypothesis to explain the m echanism  o f the form ation o f levoglucosan as the major 
product from cellulose pyrolysis.
Char, H 2 O C C 2
R efractory condensib les
L ig n in  ---------------------- M onom er
Permanent gases 
C O 2 . H 2 In reactive v a p o r------------------►  Secondary char
Figure 2 Lignin Pyro lysis
Among the m ajor com ponents o f biomass, lignin presents the greatest d ifficu lties 
In understanding the re la tionship between structure and vo la tiliza tion  m echanism  that 
occurs during the pyro lytica l conversion process. This is due to the com plex ity  o f its
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
s tru c tu re  and the d ifficu lty  in iso la ting  iign in  w ith o u t s ig n ifica n tiy  a lte rin g  the 
s tru c tu re d  ^ Lignin structure characterization is o f som e im portance In investigation of 
w ood pyro lysis. M olecular weight, cell w all m orphology and p lant anatom y am ongst 
others, need to be considered. The most detailed insights into lignin pyrolysis have been 
obta ined from model com pound studies.13'14,15 The general p icture o f lignin pyrolysis 
at m odera te  and high tem pera tu re  is sum m arized  in F igure 2.16 «The re la tive  
im portance of a given pathway is strongly in fluenced by the lign in structure  and by 
experim enta l conditions." 16
H e m ic e llu lo s e s  a re  n o n c e llu io s ic  c e il w a ll h e te ro p o ly s a c c h a r id e s .1  ^ 
Galactoglucom annans are the principle hem icellu lose in softwood. Their backbone is a 
linear o r possib le s lightly branched chain bu ilt by (1 -4 )-linked  p -D -g lu c o p y ra n o s e  
and p-D -m annopyranose  units carry ing  s ing le  ga lac top yranose  un its . The m ajor 
h e m ic e llu lo s e  in ha rdw ood  is  g lu c u ro n o x y ia n . The  b a ckb o n e  c o n s is ts  o f 
p-D -xyiopyranose units, linked by (1-4)-bond. M ost o f the xylose residues conta in  an 
acetyl g roup at C2  and C3 . The xylose units in the xylan cha in  add itiona lly  carry
(1 -2 )- lin ke d  4 -O -m e thy l-a -D -g iu cu ro n ic  acid  res idues. B esides xylan, hardw oods 
contain 2-5%  glucomannan. Pyrolysis o f hem icellu lose has not been studied extensively. 
Xylan is thermally less stable than other com ponents and as such plays a significant role 
in the in itia tion of the pyro lytic reactions. There is no anhydrosugar produced from 
xylan. Recent worki®  in this lab showed that conversion of the galactoglucomannan to the 
corresponding anhydosugars was influenced by the structure of the polysaccharide.
It is be lieved i®  that fire  re tardants, ino rgan ic  com pounds and im purities  in 
general, increase the yield o f CO, CO2 , H2 O and char, while decreasing the yield o f the tar 
fraction and the other flammable vola tile  products. In 1956, Madorsky £ la l.2 0  reported 
tha t pyrolysis o f cellulose treated w ith flam e retardants(Na2 C 0 3  and NaCI) yie lded less
tar and m ore 0 0 , CO2 » H2 O and char com pared with untreated cellu lose. Funga l found
tha t inorganic salts(such as C aC l2 , KOI, KBr, ZnC l2 ) could decrease flam m ab ility  o f
ce llu lose and also prevented levoglucosan fo rm ation . Extensive k inetic  investigations 
a iso ind ica te  that the activa tion  energy o f the ove ra ll therm al decom pos ition  is 
substantia lly lowered with the addition o f NaCI and Na2 C 0 3 . O ther experim ents 11 a lso
dem onstrate that m inute am ounts o f sa lts, ash and other im purities that are added or 
naturaily present in cellulose have a s ign ificant effect on the pyrolysis. Venn^z obtained
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
little  levog lucosan from the pyro lys is o f raw co tton , w hereas w ash ing w ith  w ate r 
increased yie ld to 28%  and further purification on treatm ent with dilute acid provided a 
yield o f 38%.
Natural wood contains various kinds of metal ions as ash. These exchangeable 
metal ions in wood have a major influence on pyro lytic  behavior and ta r com ponents. 
Previous w o r k 2 3  in th is lab shows that removal o f metal ions in barks by ion exchange 
w ith dilute acid has a dram atic influence on the ta r constituents, e.g. increasing the 
levoglucosan from 0.8% to 13%. The aim of the current research is the extension of our 
present knowledge of this aspect. Firstly, the orig inal cottonwood is ion exchanged with
0.05 M HCl, then rigorously washed with deionized w ater to produce a cottonwood that 
contains no metal ions. This wood is ion exchanged w ith d iffe rent metal ions. We have 
extended the research to determ ine the in fluence of ind iv idua l m etal ions on the 
pyrolysis, ta r com ponents and volatile products.
Pyrolysis tar, also known as pyrolysis oil o r syrup, has been extensively studied 
and a num ber of com pounds have been identified. The m ajor com ponent produced in 
ce llu lo sed  pyro lys is  is levog lucosan.^ '^  R ecent w ork in th is  lab found that o ther 
anhydrosugars such as 1,5-anhydroarabinose, levogalactan and levomannan also existed 
in wood tar. D.S. Scott^s analyzed the tar obtained from the fast pyrolysis o f Avicel 
cellulose, finding the presence of cellobiosan varying from  6-15%  o f tar. C. RoyZG had 
concluded that the average molecular weight o f pyrolysis tar from aspen poplar was less 
than 600 by GPC ana lys is. The high m o lecu la r w e igh t com pounds w ith Mw>300 
represented approxim ately 25% of total vacuum pyro lysis tar. W ood tar contains many 
phenols from  lignin. They vary from d iffe ren t k inds o f w ood and d iffe ren t pyro lysis 
conditions. Elder isolated the pheno lic fraction  from  ta r produced from pine
sawdust by solvent extraction. This fraction was analyzed by gas chrom atography/m ass 
spectrom etry and found to contain phenol, & -creso l, gua iaco l, n i-c re so l, p .-c reso l,
2 ,4 -d im e thy lp hen o l, 4 -m e th y lg ua iaco i, 4 -e th y lg u a ia co l, 4 -p ro p y lg u a ia co l, eugenol 
and isoeugenol. These phenols accounted for only 3.1%  of total tar. They concluded that a 
large proportion of com ponents in pheno lic fraction  were po ten tia lly  po lym eric. R.J. 
Evanses studied the prim ary pyrolysis of lignin derived from different types of biomass 
using m olecular-beam  mass spectrom etry. B a ll-m illed lignin y ie lded nearly the same 
product slate as observed in the native biom ass sam ple while lignin separated by the 
steam -explosion and kraft processes had altered pyro lysis characteristics. H.L. Chum 's
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
work29 showed that fast pyrolysis of biomass produced phenols that had the potential to 
replace at least 50% or more of the phenol in phenol-form aldehyde therm osetting resin, 
recently H. Pakdel^° used the technique of benzylation to analyze wood tar.
In this research, we use the solvent fractionation technique to separate the wood 
pyro lys is  ta r into d iffe re n t frac tions . There  are tw o m ain fra c tio n s . One Is a 
carbohydrate rich fraction and the other is a phenol rich fraction. Various m ethods are 
used to characterize these fractions.
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CHAPTER 2 RESULTS AND DISCUSSION
1.Pyrolysis of Original Cottonwood
Cottonwood was selected for this study because it has been the subject o f previous 
chem ical and thermal studies8.3l jp this iab. The chem ical com position of cottonwood is 
given in Table 1. Glycan content was determ ined by hydrolysis w ityh 72%  sulfuric  acid 
fo llow ed by reduction, acé ty la tion  and gas chrom atography using m v o -inos ito l as 
internal standard and corrected fo r acid degradation o f glycoses. Uronic acid content was 
d e te rm in e d  on a liq u o u t p o rtio n s  o f the  ac id  h yd ro lyza te  by re a c tio n  w ith  
jIL-hydroxydiphenol, using ga lacturon ic acid as standard and corrected fo r loss due to 
acid degradation. After glucose, xylose is the the dom inant glycose in cottonwood, existing 
as the glucuronoxyian. Uronic acid is attached to xylan as 4-O -m ethylg lucuron ic acid. 
The cottonwood lignin like o ther hardwood lignin is com posed o f syringyl and guaiacyl 
units linked by alkyl-aryi ether and carbon-carbon bonds.
The pyrolyses were carried out with about 1 g cottonwood in a tube furnace on 
batch scale under nitrogen in a vacuum  o f 1.5 mm Hg at 35 0°C /30  m in and 5 0 0 °/5  
min. The pyrolysis results o f orig inal cottonwood at d iffe rent conditions are shown in 
Table 2 . Three general products are obtained from the pyrolysis: a char fraction which 
remains in the heated zone, a tar or heavy oil fraction which volatilizes out o f the heated 
zone, but rapidly condenses on any cooled surface(usually at room tem perature), and a 
gaseous fraction  which cons is ts  o f both condens ib le  (condensed at -4 0 °C ) and 
noncondensible products. The gas fraction condensed at -40°C  was called distillate and 
conta ins a big proportion o f w ater. High tem perature favors the pathw ay to ta r and 
distilla te. Cottonwood tar is an oily liquid w ith a pale co lour to ta lly soluble in methanol 
and contain ing various valuable  chem icals. The cha r can be used as a gasification 
substrate to produce synthetic gases like CO, H2 . These gases are industria lly important
since they can be converted to fuel such as methane and methanol. C.A. Zaror^^ proposed 
" the tw o com petitive reaction " m odel fo r the pyro lys is  o f wood. In th is  m odel the 
pyro lys is o f lignoce llu los ic  m ateria ls  is assum ed to proceed v ia  (A) a char-fo rm ing 
reaction w ith form ation o f ligh t gases and (B) a com peting reaction producing only 
vo la tile  products. Oxygen increases the carbonization reaction, so char and tar yie ld  are 
increased when pyro lys is  is carried  out a t a tm ospheric  pressure . In any process 
des igned to m axim ize the y ie ld  o f pyro lys is  o ils , it w ou ld be log ica l to  use high
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
able 1 Chemical Analysis Cottonwood
Component
Vrablnose
<ylose
Vlannose
Galactose
Glucose
Uronic Acid
Lignin’'
Vaillin2
Syringaldéhyde^
% of Dry Acid W ashed Cottonwood
0.2 
14.9
2.7
0.7
41.8
4.9
20.3
2.7
5.7
1. Reference 31 2. Reference 8
Table 2 Vacuum Pyrolysis o f Original Cottonwood 
 (% Of Pry Cottonwood)____________________
Sample Char Distillate Tar
Cottonwood(350°C/30 min) 15.24 24.48 25.21
Cottonwood(350°C/30 min) ND 27.00 26.51
Cottonwood(500°C/5 min) 10.18 31.00 45.17
Cottonwood(500°C/5 min) 9.93 33.59 39.16
Cottonwood(500°C/5 min)1 19.45 ND 50.97
Cottonwood(5000C/5 min)"! 18.46 ND 47.05
1. Atmospheric Pressure ND. Not determined
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tem perature{flash pyrolysis). Recently D.S. Scott and coworkers^s developed a biomass 
flash pyrolysis method at atmosphere pressure using a flu id ized bed reactor. Up to  70% 
o f organic liquid could be obtained from hybrid poplar wood.
The com pounds existing in the ta r are analyzed using packed co lum n gas 
chrom atography of trim ethyls ily l ethers (TM S/G C) a fte r addition o f g lucito l to  the tar 
as internal standard. Retention times and re lative response factors are shown in Table 
15 in the  Experim enta l Section . The iden tifica tion  w as done by com parison  w ith 
au thentic  com pounds and by mass spectrom etry. A ll o f the peaks were com ple te ly 
re so lve d  from  each o th e r exce p t fo r 5 -(h y d ro x y m e th y l)*2 - fu ra ld e h y d e  and
1,2-dihydroxybenzene, which coincide. In th is case therefore a response factor which 
was the average of the two pure components was used. The results are listed in Table 3. 
The products listed in the table correspond to all o f the m ajor peaks detected in gas 
chrom atography. It is noticeable that a large proportion of the tar is not detected by this 
method, presumably because it does not pass through the GC column. The total recovery 
is less than 5% of the tar. A better method is still needed to analyze the total cottonwood 
tar. O f the identified com pounds, levoglucosan is the m ajor com ponent. Its y ie ld  is 
increased by high tem perature  as is genera l in ce llu lose  pyro lys is . P yro lys is  at 
atm osphere pressure also favors the levoglucosan. Besides levoglucosan, the other two 
m a jo r  c o m p o n e n ts  in th e  ta r  a re  1 ,2 ,3 - t r ih y d ro x y b e n z e n e  a n d  
1 ,2 ,4 -trihydroxybenzene . They are de rived  from  the ce llu lose  com ponen t o f the 
co tton  w o o d . T h e  low yield o f levoglucosan results from  the metal ions existing in the 
wood. The major metal ions in the original cottonwood are K+ and Ca++.
Several low m olecular weight products are identified in the distilla te by proton 
m agnetic resonance. The yield o f individual product was then determ ined by integration 
of peak area using l-bu ty l alcohol as internal standard. Their yields in the d istilla te  are 
listed in Table 4. The m ajor com ponent is g lyco la ldéhyde. G .N. Richards^® recently 
reported tha t glycola ldéhyde was found in yield up to 9.2%  from  vacuum  pyro lys is  o f 
ce llu lose. Acetic acid is also a m ajor product. It appears that high tem perature favors 
acetic acid production. The yield o f ethylene g lyco l is neglig ible. A ll products shown, 
except m ethanol, were also found in pyrolysis o f ce llu lose containing sodium  ch loride 
and their formation is favored by presence o f salts at the expense o f levogluosan.34
2. Influence of Acid Wash and Metal Ions on Pyrolysis
8
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Table 3 Major Peaks from GC of TMS Etiiers of Tars from Original Cottonwood 
 f% of Dry Cottonwoodt_____________________________________________
Tar component Cottonwood^ Cottonwood^ Cottonwood^ Cottonwood^ Cottonwood^ Cottonwood^
1,2-Dihydroxybenzene'^ ND ND ND ND 0.39(0 .77 ) 0 .3 1 (0 .6 5 )
1,4-Dihydroxybenzene ND ND ND ND 0.18(0 .36) ND
1,5-Anhydroarabinose ND ND ND ND 0.31(0 .60) ND
1,2,3-Trihydroxybenzene 0.28(1 .13) 0 .24 (0 .91 ) 0 .37(0 .82) 0 .32(0 .81) 0 .18 (0 .36 ) 0 .1 5 (0 .3 4 )
1 ,2,4-Trihydroxybenzene 0.41 (1 .61 ) 0 .42(1 .60) 0 .45(0 .99) 0 .45(1 .16) 0 .15 (0 .30 ) 0 .1 3 (0 .2 8 )
Levogalactan ND ND ND ND ND ND
Levomannan ND ND ND ND ND ND
Levoglucosan (pyranose) 0 .41(1 .61) 0 .51 (1 .91 ) 0 .53(1 .17) 0 .64(1 .64) 0 .93(1 .83) 0 . 9 0 ( 1 . 9 1 )
Levoglucosan(furanose) ND ND ND ND ND ND
Recovery 1 .10(4 .35) 1 .17(4 .42) 1.35(2.98) 1 .41(3 .61) 2 .14(4 .22) 1 . 4 9 ( 3 . 1 8 )
1. 350°C /30 min 2. 500^C/5 min 3. 500^C/5 min atmosphere pressure 
4. Include 5-{hydroxymethyI)-2-furaldehyde ND. Not detected 
Figures in parenthesis are % content in tar
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Table 4 Products from Original Cottonwood Distillate 
 (% of Dry Cottonwood!_____________________ _
Component Acetic Acid Hydroxyacetone Metfianol Glycolaldefiyde Ethylene Glycol Formic
Distillate^ 1.93 1.19 0.58 4.52 0.48 1 .24
Distillate^ 1.56 0.60 0.36 3.67 ND 1 .22
Distillate^ 3.41 1.94 0.42 5.41 ND 1 .06
Distillate^ 3 .6 4 1.40 0.41 5.13 ND 1.11
1. 3500c/30 min 2. SOO^C/S min ND. Not detected
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Natural wood usually contains inorganic metal ions as ash. Table 5 shows the 
metal ion content o f cottonwood sapwood as determ ined by inductive ly coupled argon 
plasm a spectrom etry. The m ajor metal ions are Ca++, K+. A lso some m agnesium  and 
phosphorus are present. "Calcium  appears to be present predom inantly as the counter 
ion to uronic acid. In the cell walls, calcium  unlike potassium  is not reduced by water 
washing, but only by acid w a s h i n g . " 3 6  The orig inal cottonwood was washed 0.05 M HCl 
overnight, then washed with deionized water to produce a metal ion free sample. It seems 
tha t m ild acid washing e ffic ien tly  rem oves metal ions in cottonw ood. From previous 
resuhs23 with bark, it is known that these metal ions have a big effect on the pyrolysis 
and ta r com position. In order to check the influence o f specific metal ions on the the 
pyro lys is , Ca++ and K+ were incorporated into the acid w ashed co ttonw ood by ion 
exchanged w ith 0.05 M ch lo ride , then w ashed w ith de ion ized w ate r to produce a 
individual metal ion dom inated sample.
The pyrolysis results are shown in Table 6 . Tar yield increases, while d istilla te 
yield decreases after acid wash. This means that native ions(m ainly K+, Ca++) favor the 
pathway to distillate. This result can be confirm ed by K+ exchanged and Ca++ exchanged 
cottonw ood. Both metal ions increase d is tilla te  yie ld, and decrease ta r y ie ld . It has 
previously been shown that the activation energy of the overall therm al decom osition is 
substan tia lly  lowered by salts conta in ing these ions.^o increasing the y ie ld  o f water 
which is the main com ponent o f distillate. M ackay^^ found that tar yield decreased, while 
y ie ld o f char and water which is the main com ponent o f d istilla te  was increased when 
b lack spruce sam ple was soaked with sodium  borate, potassium  b icarbonate, sodium 
ch loride, and pyrolyzed at 500*^C. A lso it is noticed that high tem perature favors the 
fo rm ation  o f d is tilla te  and tar. Acid wash increases cha r y ie ld  at 3 5 0 °C , w h ile  
decreasing char yield at 500°C . This phenom enon is also observed w ith K+ and Ca+ + 
exchanged cottonwood. DeGroot and F. Shafizadeh^l pyrolyzed K+ and Ca++ exchanged 
cottonwood at 600°C . Results showed that natural ash components and ions added from 
so lu tion s ign ifican tly  increased the char y ie ld above that ob ta ined  fo r acid  washed 
cottonw ood. They also found that char from untreated cottonwood retained the orig inal 
ce llu lu la r structure o f the wood, w hereas the structure integrity o f acid-w ashed wood 
was lost during the carbonization. "This loss of ce llu lar structure w as due to enhanced 
vo la tiliza tio n  o f the fib rous carbohydra te  c o m p o n e n t s . O u r  results show  that at 
5 0 0 °C  potassium  has the bigger influence on char yie ld, while calcium  has the larger
11
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Table 5 Cation Content of CottonwoodfDomt
Sample Ca Co Cu Fe Mg Mn P K Zn Major
Original 1500 4 4 2 200 - 140 1000 9 0 . 0 6 3
H+ Exchanged 15 <1 2 2 2 <1 8 4 2 -
Fe++ Exchanged 15 <1 10 3655 4 <1 21 84 3 0 . 0 6 6
Cu++ Exchanged 7 <1 1871 6 <1 <1 60 <1 10 0 .0 3 0
U++ Exchanged 22 <1 3 3 <1 <1 7 <1 5 -
Mn++ Exchanged 12 <1 <1 6 7 1940 10 4 2 0 .0 3 5
Co++ Exchanged 13 2005 4 8 3 <1 11 <1 <1 0 .0 3 4
Ni++ Exchanged 6 <1 26 6 1 1 12 7 16 -
Mg++ Exchanged 5 <1 2 4 778 <1 10 6 <1 0 . 0 3 3
K+ Exchanged 12 <1 7 3 2 <1 8 1990 <1 0 .051
Ca++ Exchanged 1399 <1 <1 5 4 <1 11 45 11 0 .0 3 5
Zn++ Exchanged 2 <1 <1 4 2 <1 16 21 2593 0 . 0 4 0
1. mmole/1 g wood
12
Table 6 Vacuum Pyrolysis of Cottonwood
Sample Char Distillate Tar
Original Cottonwood^ 15.24 24.48 25.21
Original Cottonwood^ 10.18 31.00 45.17
Acid Washed Cottonwood^ 19.16 16.42 43.39
Acid Washed Cottonwood^ 6.41 19.61 67.67
K+ Exchanged Cottonwood^ 18.05 29.99 26.82
K+ Exchanged Cottonwood^ 11.71 31.62 43.07
Ca++ Exchanged Cottonwood^ 16.81 19.48 34.42
Ca++ Exchanged Cottonwood^ 8 .1 2 27.10 54.87
1. 350°C /30 min 2. 500°/5 min
13
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effect at 3 50^0 . These results are d ifficu lt to explain at present.
Removal o f native m etal ions in the cottonwood signficantly im proves the yield of 
levoglucosan from 0.41%  to 5.24%  at 350°C  and 0.53%  to 6.54%  at 500°C  based on 
w ood. It is shown in Tab le  7. S im ila r resu lts  have been obse rved  by o the r 
r e s e a r c h e r s . 2 4  The y ie ld  o f o the r anhydrosugars, such as 1 ,5 -anhydroarab inose, 
le v o g a la c ta n  and le vo m a n n a n  a lso  in c re a s e s , w h ile  p h e n o ls , su ch  as
1 ,2 ,3 -trihydroxybenzene , 1 ,2 ,4 -tr ihyd roxybenzene  decrease .
"1 ,5-anhydroarab inose is no doubt derived by pyro ly tic  sc iss ion of pendant 
L -arab inofuranoside un its con ta ined in pectins and hem ice llu lose, fo llow ed  by ring 
c losu re  o f the p rim ary  p y ro ly tic  p ro d u c t(p o ss ib ly  an a ra b in o sy l c a t i o n ) . "38 in 
accordance with earlier s t u d i e s , 3 8  its yield is increased by removal of metal ions before 
pyro lysis. Its form ation is a lso favored by the high tem perature . K+ decreased the
1,5 -anhyd ro a ra b inose  y ie ld  m ore d ra m a tica lly , from  0 .52%  to 0 .2 0 % (py ro lys is  
con d ition : 300°C /30  m in), and from  0.89%  to 0 .04% (pyro lys is  cond ition : 5 0 0 °C /5  
m in). Ca++ has a sm aller influence on the 1 ,5-anhydroarabinose form ation. I t  is also 
noticeable that metal ions have the greater influence in the high tem perature pyrolysis. 
Levogalactan and levom annan^® are derived from ga lactog lucom annan. The yie ld of 
levogalactan is increased by acid wash and decreased by K+ and Ca++. The mechanism for 
its form ation is shown in Schem e 1 . "The firs t step is analogous to hydro lysis o f the 
g lycos id ic  bond and generates ga lactopyranosyl cation. Volatile  1 ,6 -anhydride  form s 
directly by nucleophilic addition o f the Cg oxygen to C i , then enters the vapor phase and
is condensed as liquid ta r."f 8 The surprising result is that the yie ld  o f levom annan is 
increased by K+ and Ca++. In th is respect it is d ifferent from other anhydrosugars. In a 
la ter series of experim ents using acetate salts instead o f ch lo ride , K+ and Ca++ do 
decrease the levomannan yie ld. Perhaps some Cl" was left in the cottonwood after ion 
exchange. This may have some influence on the form ation o f levom annan. Acid wash 
increases levomannan yield like o ther anhyrosugars. There is no anhydrosugar formed 
from  xy lose un its w h ich  are a m a jo r com ponen t o f co ttonw ood  in the  xylan 
hem icellu lose. "The 1,4-xylan chain should be subject to the sam e type o f pyro lytic 
scission as is shown in Schem e 1 , but in the resultant xylopyranosyl cation there is no 
hydroxym ethyl group ava ilable fo r nucleophilic  attack on C-|. It is conceded that under
pyro lytic condition, the C4  oxygen could add to in an isolated xylopyranosyl cation.
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CD■D
O
Q .
C
g
Q . Table 7 Major Peaks from GC of TMS Ethers of Tars from Cottonwood
■D
CD
C/)
o'3
O
8
( O '
3 .
3"
CD
CD■D
OQ.C
a
o
3
■D
O
CDQ.
■D
CD
C / )
C / )
350°C1 soo^c^ 350°C 500°C 35q0c 500°C 350°C 5000C
Tar Component Original Original Acid Washed Acid Washed K+ Exchanged K+ Exchanged Ca++ Exchanged Ca++ Exchanged
1,2-Dihyhydroxybenzene^ ND ND ND ND 0.12(0.45) 0.20(0.46) ND 1^
1,4-Dihydroxybenzene ND ND 0.03(0.07) 0.09(0.13) ND ND 0.03(0.10) IÆ)
1,5-Anhydroarabinose ND ND 0.52(1.19) 0.89(1.31) 0.20(0.74) 0.04(0.01) 0.64(1.85) 0.15(0.27)
1,2,3-T rihydroxybenzene 0.28(1.13) 0.37(0.82) 0.04(0.09) 0.08(0.12) 0.16(0.61) 0.19(0.43) 0.19( 0.55) 0.16(0.30)
1,2,4-Trihydroxybenzene 0.41(1.61) 0.45(0.99) 0.07(0.16) 0.06(0.09) 0.45(1.66) 0.48(1.09) 0.12(0.35) 0.07(0.13)
Levogalactan ND ND 0.06(0.13) 0.16(0.24) ND M) ND ND
Levomannan ND ND 0.23(0.54) 0.62(0.91) 0.45(1.69) 0.79(1.82) 1.05(3.04) 1.20(2.19)
Levoglucosan(pyranose) 0.41(1.61) 0.53(1.17) 5.24(12,07) 6.54(9.66) 0.44(1.63) 0.58(1.33) 6.19(17.98) 6.69(12.19)
Levoglucosan(furanose) ND ND 0.12(0.27) 0.21(0.31) ND ND 0.04(0.13) hD
Recovery 1.10(4.35) 1.35(2.98) 6.31(14.52) 8.65(12.77) 1.82(6.78) 2.28(5.23) 8.26(24.00) 8.27(15.08)
1. 30 min 2. 5 min 3. Include 5-(hydroxymethyl)-2-furaldehyde ND. Not detected 
Figures in parenthess are % content in tar
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M --------- G   M   M   G   M   MX  1 i
M ----  G® I   M   M®i i. i
M ----  aG I M aMi ,i i
M® + ( 1 )    M® + ( 3 )\
cellulose OH
M = p-1 ,4 -linked  D -m annopyranose 
G = (3-1,4-linked D -glucopyranose 
Gai = a - 1 ,4-liked D -ga lacîopyranose 
e.g., aM = p-1 ,4 -linked 1 ,6 -anhydrom annopyranose
1 . 1 ,6 -anhydrogiucopyranose
2 . 1 ,6 -anhydrogalactopyranose
3 . 1 ,6 -anhydromannopyranose
Scheme 1
CHpOH
e . g .  C al®
HG
OH
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but the cation produced by mid-chain scission of the xylan has the C 4  oxygen substituted, 
and hence nucleophilic attack on by this oxygen is very unlikely. Thus we concluded
tha t the xy lopyranosyl cation from  xylan can not be stab ilized  by conversion to an 
anhydride  and is sub jected  to non -spec ific  degrada tion  to low  m o lecu la r w eigh t 
products."'* ®
The principle reaction involved in pyrolysis o f the cellu lose com ponent o f wood at 
high tem perature is depolym erization to levoglucosan. Both hom olytic and hetero lytic 
m echanism s have been proposed fo r the in itia l g lycosid ic bond cleavage. A hom olytic 
process has been suggested by Golova and others^Q based mainly on esr-spectroscopy 
studies and addition o f free radical inh ib itors. Most o f the evidence of a heterolytical 
cleavage reaction has come from studies of a varie ty o f model com pounds by Shafizadeh 
and other.'^o These studies indicate that the electron density at the glycostc position and 
configuration o f the pyranose ring have a strong effect on the glycosid ic bond cleavage. 
The d irection and size o f the effects support a he tero lytic  m echanism  fo r the initial 
re ac tion . The p re v io u s ly  p o s tu la ted  h e te ro ly tic  m e chan ism s fo r fo rm a tio n  of 
levoglucosan from cellu lose pyro lysis have presum ed sequences o f reactions from  an 
internal anhydroglucose unit to y ie ld  levog lucosan. It is d ifficu lt to co rre la te  such 
reactions w ith  high y ie ld  o f a s ing le  p roduct from  po lym er. G .N . R ichards and 
cow orkers^^ recently postulated an alternative sequence of hetero lytic reactions shown 
in Scheme 2. "The first step is postulated as the heterolytic scission of a glucosyl oxygen 
bond to form a cellu lose chain ending in a resonance-stab ilized g lucosyl cation (1 ), 
exactly as in acid hydrolysis. The C4 -O bond does not undergo such scission because this
would lead to a much less stable carbocation. The other new end group adds a proton 
derived from other reaction to form a normal cellu lose non-reducing end group. Under 
most circum stances the intram olecular addition of Og to the C-j o f the cation (1 ) to form
(3) would be expected to predom inate and (3) then represents a cellu lose chain ending 
in a levoglucosan unit. It is also anticipated that some reactions o f (1 ) with an alcohol 
oxygen of another ce llu lose  chain happen w ith resultan t form ation o f new g lucosid ic 
linkages other than p-1-4 (i.e. transglucosyla tion). In the early  stages of pyro lysis of 
high m olecu lar w eight ce llu lose, scission at adjacent g lycos id ic  bonds is sta tis tica lly  
un like ly. However, as pyro lys is  p rogresses and chain length becom es shorter the 
probability o f scission o f the end glycosid ic bond in (3) becom es higher. Reaction shown
17
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in Schem e 3 takes place, in which the end group form s levoglucosan which is volatile and 
rap id ly  d is tills , leaving a chain (3) one un it sho rte r w hich is free to repea t the 
process."*'  ̂ Levoglucosan yield o f acid washed cottonwood(pyrolysis condition: 500°C/5  
mln) is 6.54% based on cottonwood and 15.65% based on glucose content. So still a large 
proportion o f cellulose decom posed to o ther products during the pyrolysis, much more 
than in pure cellu lose. F. Shafizadeh and coworkers24 pyrolyzed 1% H2 S O 4  washed
cottonwood and obtained 2 0 % levoglucosan based on cellulose. They also pyrolyzed the 
cottowood llgnocellulose obtained by removing most o f xylan com ponent by prehydrolysis 
with dilute acid, and 1% H2SO 4 washed cottowood holocellulose obtained by removing the
lign in by acid chlorite  trearm ent. 57%  levog lucosan from  llgnoce llu lose , and 51% 
levoglucosan from acid washed holocellulose based on cellulose were obtained. It appeared 
that the depolym erization o f ce llu lose to levoglucosan can occur sa tis facto rily  in the 
presence o f lignin and hem icellulose and that d ifficu lties encountered in the pyrolysis of 
whole wood are due to other factors. "In the cottonwood ta r 1 ,6 -anhydroglucopyranose 
was accompanied, as is usual for pyrolysis o f glucans, by a small amount o f the furanose 
isom er (pyranose : furanose, 1:0.02 at 350°C  and 1:0.03 at 500°C  fo r acid washed 
cottonwood). It is possible that furanose isomers of levogalactan and levomannan are also 
present in very small am ount and not detected in this analysis."''®  The m echanism  of 
formation of the furanose isomer is not known. Ca++ has a small effect on levoglucosan 
fo rm ation , w hile  K+ dram atica lly  decreased the levoglucosan y ie ld  from  5.24%  to 
0 .44%  at 350®C, 6.54%  to 0 .58%  a t 500®C. Th is  m eans tha t in the orig ina l 
cottonwood, mainly K+ inhibits the levoglucosan form ation. Also It is noticed tha in Ca++ 
exchanged cottonwood the ratio o f pyranose to furanose o f levoglucosan is higher than 
that in acid washed cottonwood tar.
The pheno l c o n s titu e n ts  in th e  o r ig in a l co tto n w o o d  ta r  a re  m a in ly
1 ,2,3-hydroyxybenzene, 1 ,2 ,4-trihydroxybenzene, a lso con ta in ing  a sm ail am ount of
1 ,2-hydroxybenzene(pyrocatechol) and 1 ,4-hydroxybenzene. Pyrocatechol is be lieved 
to be de rived  from  ce llu lose  by know n "b row n ing" re a c tio n s ,^ ' but no feasib le  
mechanism has been suggested for this process. These phenols are also form ed by the 
pyrolysis o f cellulose in presence of salts.®'* It can be concluded that the m ost probable 
sources of these phenols in the tar is the polysaccharides of cottonwood. Table 7 shows 
tha t the  y ie ld  o f trihyd ro xybenzenes  is d ram a tica lly  decreased a fte r ac id  w ash. 
C om paring the trihydroxybenzene contents of acid w ashed, K+ exchanged and Ca++
19
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e xch a n g e d  co tto n w o o d  ta r, it appea rs  th a t K+ is a m a jo r ca ta lys t fo r the  
tr ih y d ro x y b e n z e n e  fo rm a tio n , w h ile  C a + +  exe rts  o n ly  a sm a ll e ffe c t on 
trihydroxybenzenes. Trihydroxybenzenes are increased at the expense of levoglucosan. 
So levog lucosan and trihydroxybenzene are fo rm ed from  d iffe ren t pathw ays. These 
pathways are competing with each other. From the above results, it can be concluded that 
in orig ina l cottonwood, mainly K+ inhibits the form ation o f levoglucosan and prom otes 
the form ation o f trihydroxybenzenes.
It is known that K+ and Ca++ increase the distillate yield. Several com pounds have 
been identified in the distillate. They are shown in Table 8 . "Acetic acid m ainly com es 
from  the hydrolysis o f the acetyl ester group o f 4 -O -m ethylg lucuronoxylan , utiliz ing 
w ater which is abundantly produced in pyro lytic  reaction o f the polysaccharides."® In 
hardwood the ratio o f acetyl group to xylose un it is 7 :1 0 .^^  Using th is ratio and the 
xylose value in Table 1, we derived a maximum possible acetic acid yield of 4.82%  of 
wood. Acid wash decreases acetic acid yield. In all samples high temperature favors acetic 
acid production. It appears that Ca++ and K+ catalyze the formation o f acetic acid, but K+ 
is more effic ient than Ca++.® In pyrolysis (500°C /5 min) of K+-exchanged cottonw ood, 
assum ing all acetic acid com es from xylan, about 74% o f the acetyl groups attached to 
xylan vo la tilize  to form acetic acid.
M ethanol yield decreases after the acid washing. Both Ca++ and K+ cata lyze the 
form ation o f methanol. A lso the yield o f methanol is favored by high tem perature. "There 
are two possib le  sources, v ia  decom position o f 4 -O -m ethy lg lucuron ic  acid units of 
h e m ic e llu lo s e  or d e g ra d a tio n  o f s y rin g y l and  g u a ia cy l u n its  in lig n in . The 
4-O -m ethy lg lucuron ic  acid content is likey to com prise about ha lf of the tota l uronic 
acid content, the balance being due to pectic substance. A very small amount of methanol 
may a lso be derived from methyl ester goup in the pectic substance. The form ation of 
m ethanol by pyro lysis o f lignin is in contrast to som e recent studies of pyro lys is  of 
phenoxym ethyl groups in coa l and re la ted m odel com pounds. Vouri^ 2  has stud ied 
pyro lys is  o f several hydroxym ethoxybenzenes to produce mainly m ethane and carbon 
m onoxide and proposed that pyrolyses occur by hom olytic mechanism. In the exam ples 
from coal chem istry the phenoxym ethyl group are very s im ila r to those in lign in , and 
s im ila r pyro lys is  m echanism  m ight have been antic ipated- A m ajor d iffe rence in two 
sys tem s, how eve r is the fo rm a tion  o f m uch la rg e r am ount o f w a te r from  the 
po lysaccarides in the pyrolysis o f wood and in these circum stances it is more likely that
20
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Table 8 Products from Cottonwood Distillate 
 (% of Dry CotoonwQodt______________
Distillate Acetic Acid Hydroxyacetone IVIethanol Glycolaldéhyde Ethylene Glycol Formic Acid
Original^ 1.93 1.19 0.53 4.52 0.48 1 .24
Original^ 3.41 1.94 0.42 5.41 ND 1 .0 6
Acid Washed^ 0.96 ND 0.09 2.29 ND ND
Acid Washed^ 1.68 ND 0.20 3.14 ND ND
K+ Exchanged^ 2.27 1.11 0.36 4.68 ND 0 .7 8
K+ Exchanged^ 3.55 1.02 0.44 3.54 ND 1 .85
Ca++ Exchanged"' 1.15 0.62 0.16 2.85 0.23 ND
Ca++ Exchanged^ 2.45 0.41 0.30 4.39 0.26 ND
1. 3500C/30 min 2. 5000C/5 min NO. Not detected
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a he tero ly tic  hydrolysis m echanism  may account fo r the form ation o f m ethanol from 
phenoxym ethyl groups o f lignin."®
The form ation o f fo rm ic acid is a lso observed in the pyro lys is  o f ce llu lose  
contain ing sodium chloride, its mechanism is unexplained. Its yield is decreased by acid 
wash and increased by K+, but not by Ca++. So in the orig inal cottonwood, m ainly K+ 
increases form ic acid form ation. E thylene g lyco l is presum ably a reduction product 
whose form ation may be coupled w ith production o f an oxidation product such as a 
carboxylic  acid.® Its production is favored by Ca++, not K+.
Perhaps the most unusual result noticeable in the d istilla te  is the abundance of 
glycola idehyde and hydroxyacetone. These two com pounds com ing from the pyrolysis of 
ce llu lose, are the m ajor products, apart from  w ater in the d istilla te . In 1969, Lipska 
and Wodiey^® reported that hydroxyacetone as a m ajor degradation product o f isothermal 
ce llu lose pyro lysis at 315®C, as well as identifying other two-, three-, and fou r carbon 
carbonyl com pounds. In the early paper on the m echanism  o f ce llu lose  pyro lysis, 
S hafizadeh and Lai'^^ studied the therm al decom postion of levoglucosan conta in ing 
labe lled  at 1-, 2, and 6 - pos ition . The reaction proposed to account fo r the 
formation of glycolaidehyde and hydroxyacetone is shown in Scheme 4. This same scheme 
was again proposed in 1982 by Shafizadeh as a plausible route to explain the form ation 
o f various vo la tile  products under condition o f fast pyro lys is  at high tem perature , in 
w h ich  fiss io n , de hyd ra tion , d is p ro p o rtio n , d e ca rb o xy la tio n  and d e ca rb o n y la tio n  
reactions are ail posssible.
Schulten Investigated the vacuum  pyrolysis o f a number o f carbohydrate
using high resolution fie ld ionization mass spectrom etry. On the basis o f the ir results, 
they assum ed the prim ary decom position  pa thw ay to be through the fo rm ation  of 
levoglucosan or o ther anhydrosugars and the proposed decom position routes fo r the 
levog lucosan in term ediate v ia  dehydra tion , re troa ido liza tion  and decarbony la tion  to 
account fo r the production of various C2 , C3 and C4  com pounds. G lyco la idehyde was
postulated to be form ed by both hydration/dehydration reactions and re troaidolization in 
a s im ila r w ay to tha t illu s tra ted  in S chem e 4. W hile  the p roportion  o f pyro lys is  
products varies for d ifferent carbohydrates, much the same products resulted from  fast 
pyro lys is  o f various po lysaccharides, especia lly  those products in the low m olecular 
weight range. The same conclusion has been reported for amylose pyrolysis.
In a recent publication, Beaum ont and Schwob^® using a flow  pyro lysis reactor
22
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and sawdust feed have reported significant yie lds o f hydroxyacetone and acetic acid as 
well as sm aller y ie ld of furaldehyde and 1-hydroxy-2-butenone. The effect o f addition of 
acidic and basic catalysts on these was also reported,
P iskorz had reported glycola idehyde as a m ajor product o f fast pyrolysis
of ce llu lose and wood. G.N. R ichardses pyro lyzed paper(W hatm an N ot 7) treated w ith 
sodium  chloride and got 9% glyco la idehyde. He proposed that g lyco la idehyde may be 
predom inantly derived from C5 and C© of a glucose unit in cellu lose, e.g, via dehydration
fo llow ed by a re tro-D ie ls-A lder reaction.
Table 8  shows uneqivocally that acid wash decreases the g lyco la idehyde and 
hydroxyacetone yield. It appears that g lyco la idehyde and hydroxyacetone y ie lds are 
increased by Ca++ and K+ existing in the cottonwod. This can be confirm ed by K+ and 
Ca++ exchanged cottonwoods. Levoglucosan and glycolaidehyde are the two major volatile 
products(after water) in cellulose pyrolysis, K+ in cottonwood favors the glycola idehyde 
form ation at the expense of levoglucosan. This phenomenon is also reported^® in the salt 
treated cellu lose pyrolysis. The other four products in the d istilla te  are also increased 
like glyco la idehyde by naturally existing or ion exchanged added metal ions. We may 
therefore concluded that alkali metal and alkaline earth metal existing in the cottonwood 
increase the formation of glycolaidehyde and other low m olecular weight volatiles.
From the above results, we have a picture o f the influence native metal ions on 
pyrolysis o f cottonwood. For another series of experiments, we added other metal ions to 
acid washed cottonwood by ion exchange with acetate. We found that acetate had the better 
ion exchange ability than chloride because of be tte r ionization of carboxylic groups at 
the higher pH, 10 g acid washed cottonwood was ion exchanged with 750 mL 0.05 M 
acetate solution, then washed with 1 L deionized water. Metal ion content are shown in 
Table 5. M ild acid wash removes almost all metal ions to produce the metal free sample. 
Metal acetate ion exchange yields the individual metal ion sample. Fe++ and K+ are the 
two m ost efficient metal ions that are incorporated by ion exchange based on the content 
o f metal ion expressed as mmole/g o f wood and have contents o f 0.066 mmole/g o f wood 
and 0.051 m m ole/g o f w ood respective ly . Som e m etal ions were not de tected  by 
in d uc tive ly  coup led  argon p lasm a spectrom etry  in ou r routine ana lys is , so the ir 
contents are not known. We observed a change of the color of Fe(OAc)2 during the ion
exchange even in degassed water. It is speculated that some portion of Fe++ is oxidized to 
Fe+++ by air, W.F. DeGroot^^ studied the carboxylic groups of untreated cottonwood, acid
24
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washed cottonw ood and K+ exchanged cottonw ood by FTIR. The results showed that 
un ion ized  ca rb o xy la te  absorbed at 1771-1678  c n r^  and co inc ided  w ith acetyl 
absorbance, while ionized carboxylate absorbed at 1628-1543 cm'"' and coincided with 
a lignin band. The former band was increased at the expense of the latter when wood was 
washed w ith acid as a result of conversion o f carboxyla te salts to free acid. The metal 
ions are m ost likely bound to carboxylic g roup o f uronic acid in hem icellu lose. The 
u ro n ic  a c id  co n te n t in co tto n w o o d  show n in T a b le  1 in c lu d e s  th a t o f 
4 -O -m e thy lg lucu ron ic  acid , and also g a lac tu ro n ic  acid  w hich occurs in w ood as 
esterified pectin . "4-O -m ethylg lucuronic acid units are likely to com prise about half o f 
the total uronic acid content, the balance being due to pectic sustance."® Earlier studies 
in th is  lab '*^ ind ica ted  tha t the ca rboxy l co n te n t o f co ttonw o od  by M ethy lene 
B lue-absorption gave a value of 0.03 mole/g of wood. Except fo r Fe++(0.066 m m ole/g 
o f wood) and K+(0.051 mmole/g o f wood), all o ther metal ion content in the present 
work are in the range of 0.03-0.04 mmole/g o f wood. It may be concluded therefore 
that, jus t as in the orig inal wood,^7 not all of the carboxyl groups are converted to the 
salt form . In the case of the divalent metal ions we can not exclude the possib ility that 
some may occur in the forms R-COO'(MOH)+ and R-COO Mg++-OOC-R.
Pyro lysis results of ion exchanged cottonw ood sam ples are listed in Table 9. 
A lkali metal ions K+ and Li+ increase the distilla te yie lds, and decrease tar yield. K+ is 
the m ost e ffic ien t metal ion to decrease tar y ie ld from 43.39%  to 21.38% . A strange 
phenom enon is observed fo r alkaline earth metal ions. Ca++ decreases the tar yield, 
while Mg++ increases tar yield. This is d ifficu lt to explain. More experim ents should be 
done on the  o ther a lka line  earth m etal ions. A ll trans ition  m etal ions favo r ta r 
form ation, w hile  d isfavoring char form ation. The most effic ient transition metal ions for 
ta r fo rm ation are Cu++ and Ni+ + , raising the ta r y ie ld from 43.39%  to 54.09%  and 
55.77%  respective ly. This is about 25% increase. Mn++ and Zn++ are the least efficient 
in cata lyz ing ta r form ation in the studied transition metal ions. This is the firs t report 
that not all sa lts reduce the tar form ation . It is d ifficu lt to explain why transition metal 
ions have such opposite influence on the wood pyrolysis from K+ and Li+. It is observed 
that all ions cata lyze form ation of the d istilla te . The largest proportion of the distilla te 
is water. If transition metal ions catalyze the pyro lysis of cellu lose in wood to increase 
the tar y ie ld , they should have the sam e in fluence on pure cellu lose pyro lysis. We 
the re fo re  tried  cupric  acetate  physica lly sorbed in so lu tion  into CF-11. A d iffe ren t
25
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Table 9 Vacuum Pyrolysis of Ion-exchanged Cottonwood, 350°C/30 min
_______ ( %  of Dry Cottonwood^_____________________________________
Sample Char Distillate Tar
Acid Washed Cottonwood 19.16 16.42 43.39
K+ Exchanged Cottonwood 21.51 40.29 21.38
Li+ Exchanged Cottonwood 19.33 44.21 25.10
Ca++ Exchanged Cottonwood 19.58 26.89 32.17
IVIg++ Exchanged Cottonwood 15.62 29.13 45.24
Fe++ Exchanged Cottonwood 14.89 30.45 50.20
Cu++ Exchanged Cottonwood 17.22 25.90 54.09
Mn++ Exchanged Cottonwood 15.46 28.97 43.79
Co++ Exchanged Cottonwood 15.11 28.98 49.05
NÎ++ Exchanged Cottonwood 13.89 24.76 55.77
Zn++ Exchanged Cottonwood 16.21 30.89 45.09
CF-11 12.90 14.01 67.08
Cu++ CF-11 23.85 13.87 51.07
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ph enom en on  w as ob se rved  when co m pa rin g  p y ro lys is  re su lts  o f CF-11 and 
G u (O A c )2 *CF -1 1. The Cu++ decreases ta r y ie ld in the pyro lys is  o f ce llu lose, w hile
inceasing char yield. It appears that some com ponents in wood pyrolysis{e.g. phenol?) 
are inh ib iting tar form ation. Transition metal ions could interact w ith these com pounds, 
thus inactivating them.
Com ponents identified in the tar from  ion exchanged cottonw ood are lis ted in 
Table 10. It is very obvious that all transition metal ions are catalyzing the levoglucosan 
form ation. This is the firs t time it has been observed that some metal ions can catalyze 
the form ation o f levoglucosan in pyrolysis of wood. The most efficient metal ion is iron. 
It increased the levoglucosan yie ld  from  5.24%  to 14.96% . Mn++ seem s the least 
e ffic ien t fo r levoglucosan form ation am ong the trans ition  m etal ions. P roduction of 
levomannan is also favored by transition metal ions. Its yield is increased fron 0.23% to
0.71% by iron which is the most efficient metal ion. Transition metal ions also catalyze 
1 ,5-anhydroarabinose production for which case Zn++ is the m ost efficient. Because of 
the small content of levogalactan it is d ifficu lt to judge the influence o f transition metal 
ions on levogalactan formation. We expected that it should be favored by transition metal 
ions like o ther anhydrosugars. The formation of trihydroxybenzene seems not affected by 
trans ition  m etal ions. It Is genera lly  be lieved  tha t py ro lys is  o f ce llu lose  form s 
levog lucosan  by he te ro ly tic  m echanism . A ssum ing trans ition  m etal ions increase 
levog lucosan  y ie ld  by ca ta lys ing  levog lucosan  fo rm a tion  or inh ib iting  com peting  
pyrolysis pathways, they may also improve the y ie ld  o f levoglucosan in pure cellu lose 
pyro lys is . W e tried  Cu++ in ce llu lose . S urp ris ing ly  Cu++ inh ib its the form ation of 
levoglucosan on cellulose pyrolysis. It may be speculated that some compounds formed in 
the pyro lys is o f wood, perhaps from lignin, inh ib it levoglucosan form ation. T ransition 
metal ions may interact with these com pounds and Inactivate them. The two alkali metal 
ions inhib it levoglucosan and other anhydrosugar form ation and catalyze the form ation of 
trihydroxybenzenes. The two alka line earth metal ions have d iffe ren t properties. Ca++ 
has a sm all effect on levoglucosan and o ther anhydrosugars, while Mg++ ca ta lyzes 
levoglucosan and 1,5-anhydroarab inose like the transition  m etal ions. Both o f these 
m etal ions have little effect on trihydroxybenzene. So the influence of transition metal 
ions on pyrolysis mechanism seems different from alkali metal ions. Much work needs to 
be bone before mechanism of these metal ions can be understood.
In fluence of a lka li, a lka line  earth and trans ition  metal ions on the d is tilla te
27
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Table 10a Major Peaks from GC of IM S  Ethers of Tars from Ion-exchanged Cottonwood
Tar Component Acid Washed K+ Exchanged Li+ Exchanged Ca++ Exchanged Mg++ Exchanged Fe++ Exdianged
1,2-D ihydroxybenzene’’ ND 0.13(0 .62) 0 .06(0 .24) ND ND ND
1,4-Dihydroxybenzene 0.03 (0 .07 ) ND ND ND ND ND
1 ,5-Anhydroarabinose 0.52 (1 .19 ) ND ND 0.45(1 .39 ) 0 .81(1 .78) 0 .7 3 (1 .4 5 )
1 ,2,3-T rihydroxybenzene 0.04 (0 .09 ) 0 .20(0 .94) 0 .16(0 .64) 0 .10(0 .30) 0 .08(0 .17) 0 .0 5 ( 0 .1 1 )
1 ,2,4-T rihydroxybenzene 0 .07 (0 .16 ) 0 .58(2.72) 0 .30(1 .99) 0 .08 (0 .26 ) 0 .06(0 .13) 0 .0 2 (0 .0 5 )
Levogalactan 0.06(0 .13) ND ND ND 0.08(0 .17) ND
Levomannan 0 .23(0 .54) ND 0.05(0 .20) 0 .12 (0 .38 ) 0 .18(0 .40) 0.71 (1.41)
Levoglucosan(pyranose) 5 .24 (12 .07 ) 0.36(1.67) 0 .74(2 .94) 4 .14 (12 .87 ) 1 0 . 3 6 ( 2 2 . 9 1 )  1 4 . 9 6 ( 2 9 . 8 1 )
Levoglucosan(furanose) 0 .12(0 .27) ND ND ND 0.17(0 .38) 0 . 7 6 ( 1 . 5 1 )
Recovery 6 .31 (14 .52 ) 1.27(5.33) 1.31(5.21) 4 .89 (15 .2 ) 1 1 . 7 4 ( 2 5 . 9 4 ) 1 7 . 2 3 ( 3 4 . 3 4 )
3.
3"
CD
CD■D
O
Q .C
a
o
3
■D
O
CD
Q .
■D
CD
C / )
C / )
Pyrolysis condition. 350°C /30 min
1. Include 5-(hydroxymethy!)-2-fualdehyde ND. Not detected
Figures in parenthesis are % content in tar
28
C D
■ D
O
Q .
C
g
Q .
■D
CD
C/)
o"3
O
8
ci'
Table 10b Major Peaks from GC of IMS Ethers of Tars From Ion-exchanged Cottonwood
________ (% of Dry Cottonwoodt______________________________________________
3.
3"
CD
CD■D
O
Q .C
a
o
3
■D
O
C / )
C / )
Tar Component Cu++ Exchanged Mn++ Exchanged Co++ Exchanged Ni++ exchanged Zn++ exchanged CF-11 Cu++ CF-11
1,2-Dihydroxybenzene^ ND ND ND ND ND ND ND
1,4-Dihydroxybenzene ND ND ND ND ND ND ND
1,5-Anhydroarabinose ND 0.70(1.59) 0.77(1.58) 0.87(1.56) 1.02(2.26) ND ND
1,2,3-Trihydroxybenzene ND 0.07(0.16) ND 0.04(0.08) 0.05(0.10) ND ND
1,2,4-T rihydroxybenzene ND 0.06(0.13) N) 0.06(0.10) NO ND ND
Levogalactan 0.38(0.71) ND N D 0.09(0.17) N D ND N D
Levomannan 0.58(1.08) 0.25(0.56) 0.53(1.08) 0.31(0.56) 0.30(0.66) ND N D
Levoglucosan(pyranose) 12.66(23.40) 10.37(23.69) 12.16(24.79) 12.67(22.71) 11.18(24.80) 38.17(56.90) 28.58(55.96)
Levoglucosan(furanose) 0.86(1.59) 0.19(0.44) 0.23(0.46) 0.29(0.52) 0.19(0.43) 3.37(5.02) 2.39(4.68)
Recovery 14.48(26.78) 11.64(26.57) 13.69(27.91) 14.33(25.70) 12.74(28.25) 41.54(61.92) 30.97(60.64)
§  Pyrolysis condition. 350*^C/3Q min
I  1. Include 5-(hydroxymethyl)-2-furaldehyde ND. Not detected
O
^  Figures in parenthesis are % content in tar
2 9
Figure 3 Gas Chromatography o f TMS Ethers o f Mg++ Exchanged Cottonwood Tar
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Table 11 Products from lon-exchanged Cottonwood Distillate
_______ 1% of Dry Cottonwoodt_______________________
3.
3"
CD
CD■D
O
Q .C
a
o
3
■D
O
CD
Q .
Distillate Acetic Acid Hydroxyacetone Methanol Glycolaidehyde Ethylene Glycol Formic
Acid Washed 0 . 9 6 ND 0.09 2.29 ND ND
K+ Exchanged 2.63 1.14 0.32 3 . 0 5 ND 1. 65
U+ Exchanged 2.52 1.55 0.34 3.03 0.19 0 . 5 8
Ca++ Exchanged 1.95 0.56 0.25 2.24 0.35 0 . 53
Mg++ Exchanged 1.52 0.38 0.16 1.83 0.47 ND
Fe++ Exchanged 1.39 0.27 0.20 1.22 0.34 ND
Cu++ Exchanged 1.32 ND 0.12 0.70 0 . 36 ND
Mn++ Exchanged 1.56 0.48 0.14 1.96 0.50 ND
Co++ Exchanged 1.57 0.30 0.13 1.61 0.51 ND
Ni++ Exchanged 1.29 ND 0.14 0.78 0.40 ND
Zn++ Exchanged 1.60 0.37 0.21 1.51 0.62 ND
■D
CD
ND. Not detected
C / )
C / )
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com ponents is shown in Table 1 1 . A ll metal ions increase the y ie lds o f acetic acid, 
hydroxyacetone, methanol and ethylene glycol. Form ic acid is only increased by K+, Li+, 
Ca++. For g lyco la idehyde, alkali metal ions K+ and Li+ increase yield, while transition 
metal ions decrease the yield. A lkali metal ions are the m ost e ffic ien t ions catalyzing 
these vo la tile  products, except fo r ethylene glycol. For ethylene glycol, transition metal 
ions are more effic ient. The reason why ethylene glycol is d iffe rent from other volatile 
m olecu les is not know n. It is d ifficu lt to expla in why trans ition  m etal ions inh ib it 
formation of glycola idehyde, but increase the other volatile com ponents.
3. Solvent Fractionation of Original Cottonwood Tar and Chemical 
C h arac ter iza tio n
The identification and extraction o f valuable chem icals from w ood-derived oils is 
a very im po rtan t goa l fo r the b iom ass the rm ochem ica l convers ion  industry . An 
understanding of chem ical and physical properties o f pyrolysis ta r is a necessary part of 
process developm ent and helps in identifying ways using such products. Components in 
the orig inal cottonwood tar identified by silylation and GC tota l less than 5% of the tar. 
So still 95%  com ponents are unknown. Solvent fractiona tion  is a useful m ethod to 
separate com pounds w ith different properties. Compounds in the original cottonwood tar 
can be expected to com e from  two major com ponents of wood, carbohydrate and lignin. 
C om pounds from  carbohydra te  con ta in  hydroxyl and carbony l groups and usually 
dissolve in water, while com pounds from lignin are arom atic compounds and can dissolve 
in organic solvent. Tar obtained from vacuum pyrolysis o f orig inal cottonwood at 500°C  
was solvent fractionated with CH2 CI2 , H2 0 , 1% NaHCOg, 1% NaOH and EtOAc according to 
Figure 9 in the E xperim enta l Section . Several frac tions w ere ob ta ined. The main 
fractions were #MC which is soluble in CH2 C I2 , not soluble in water and #W  which is
soluble in water, not soluble in CH2 CI2 and not extracted by ethyl acetate. The relative 
proportions are listed In Table 12.
Table 12 Fractionation o f O rig inal Cottonwood TarfSOpQC/S min)______________________
Fraction #1 #MC #MC/N #P #W  #EA # A
% of Tar 2 36 6  22 40 5 7
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
#M C tar was analyzed by TM S/GC, using the same m ethod as fo r the total tar 
analysis. 1.14% levoglucosan(based on #M C) was detected in #M C.  ̂H NMR o f #MC 
recorded using CDCI3 as solvent and TMS as internal standard is very sim ilar to that of
lign in^®  and shown in F igure 4. Peaks at 6 .00-7 .00 ppm are caused by arom atic 
hydrogens. The big peak at 3.90 ppm corresponds to methoxy groups o f arom atic rings. 
Peaks at 0.50 ppm to 3.00 ppm correspond to hydrogens of the side chains o f aromatic 
rings. There are two broad, unresolved absorbances ("hump") in th is region. The hump 
from 0.50 ppm to 1.50 ppm corresponds to hydrogens of CH3 , C H 2 and CH in the 
P-position or further away from  the arom atic ring. The hum p from  1.50 ppm to 3.00 
ppm is caused by hydrogens of CH3 , CH2  and CH In the a-postion to the aromatic ring.^^
Cottonwood contains about 20%  lignin. Y ie ld o f #MC is about 16% based on wood. 
Assuming that all com ponents in #MC come from lignin pyrolysis, these data imply that 
80% of the lignin is vo la tilized during pyro lysis. This value is surpris ing ly high fo r a 
tem perature o f 500°C  in v iew  of published experimental results on the fast pyrolysis of 
wood lign in .50 From 1 H NMR o f acetylated #M C, #M C conta ins s im ila r am ounts of 
phenolic and alcoholic hydroxyl groups, about 1.0 mole phenolic OH/per mole OCH3 and
0.8 mole alcoholic O H/per mole OCH3 . D.S. Scott^"' showed that tars produced by the 
W ater Fast Pyrolysis Process from poplar wood contained a fraction derived from the 
lignin content which represented nearly 80%  o f the lignin. This fraction w as named 
pyrolignin by them. '•^C NMR o f pyrolignin showed that this lignin was re latively richer 
in syringyl groups than the orig inal lignin, and had an appreciable methoxyl content. The 
general structure o f the pyro lytic  lignin was very s im ila r to that o f lignin from steam 
exploded wood, although the average m olecular weight o f the form er may be somewhat 
lower because of its greater degree of depolym erization. C. Roy^s reported that Fractions 
3-11 from  aspen pop la r ta r using adsorp tion chrom atography m ethods con tribu ted 
40.5%  of the total o il. Com pounds identified in these fraction are mainly monophenotic 
types and oxygenated heterocyclic compounds. So the first o f these types of fractions look 
s im ila r to #MC in ou r so lven t frac tiona tion . In #M C, 61%  com ponen ts  cou ld  be 
extracted by 1% NaOH. These compounds are probably phenols which could be chemically 
m odified to be a replacem ent for phenol or could be considered as a simple extender for 
petro leum  derived phenols. Its 1 H NMR is shown in Figure 5. It contains a lot of OCH3 
and aromatic hydrogens and some hydrogens in the side chains. iH  NMR of components in
33
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#MC which can not be extracted by 1% NaOH is shown in Figure 6 . There is a big region 
from 0.50 ppm to  3.00 ppm. This region corresponds to a lipha tic  hydrogens. Only a 
trace of arom atic hydrogens is found in th is fraction. It may be concluded that a big 
proportion o f com pounds in #M C/N is aliphatic. C. R oy^^ obtained an a liphatic fraction 
from  aspen pop la r ta r using the so lvent fractiona tion  techn ique . A lipha tic  fraction 
com prised between 0.08%  to 0.44%  of the ta r condensed at d ifferent condensation units. 
The aliphatic fraction was analyzed by capillary GC. The dom inant com ponents detected in 
the a liphatic fraction were n-alkanes in the range o f C 13 to C23  and n-m onoalkenes in
the range o f C^g to Cgg- T he ir occurrence in py ro lys is  ta r cou ld  be re la ted to
decom position products of waxes in the wood. So perhaps some com pounds in #MC/N 
fraction are n-a lkanes and n-m onoalkenes, partly responsib le  fo r the big hum p from
0.50 ppm to 3.00 ppm at  ̂H NMR.
#W  was converted to TMS ethers and analyzed by GO with the same method used 
for the total tar analysis. Its  ̂H NMR was recorded using deuterium  oxide as solvent and 
1-butyl a lcohol as internal standard. Most com ponents in #W  com e from carbohydrate. 
#W  con ta ins  0 .36%  1 ,2 ,3 -trihydroxybenzene , and 0 .31%  1,2 ,4 -tr ihyd roxybenzene  
and 2.48%  levoglucosan (based on #W). It can be concluded that trihydroxybenzenes 
en te r #W , and m ost levog lucosan(70% ) is in #W . C om ponents usually found in 
d is tilla te  are also detected in #W  by H NMR. The results are listed in Table 13. It 
appears tha t low  m o lecu la r w eigh t vo la tile  m olecules also partly condense at room 
tem perature in vacuum . The proportion of low m olecular w eight vo la tiles condensed at 
room tem perature in vacuum  may be related to the pyrolysis tem perature, nitrogen
Component % of Total Tar(of #W)
Acetic acid 0 .6 7 (1  .6 7 )
Methanol 0.1 4 ( 0 .3 6 )
Glycolaidehyde 4 .0 3 ( 1 0 .0 1 )
Ethylene Glycol 0 .7 3 ( 1 .8 1 )
flow  ra te  and o th e r fac to rs . The su rp ris ing  re su lt is tha t a big p ropo rtion  o f 
glycola idehyde is also detected in #W. Recovery o f tar with above method is 17% of #W.
34
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Still 80%  com ponents in #W  have not been Identified. 1H NMR of #W  is shown in Figure
7. There are two types of absorbance. One is 1 .2  ppm to 3.0 ppm. Another is 3.2 ppm to
4.6 ppm. Hydrogens of most components are concentrated in these two regions. There is a 
big sharp peak at 2.43 ppm. W hat com pound causes this peak is not known. Fraction 13 
obtained by C .R oy^^ from aspen poplar tar using the adsorption chrom atography method 
was ve ry  po lar. It had a big 1 H NMR absorbance  from  3.0 ppm to 4 .2  ppm . 
Approxim ately 50% of resonance bands in th is  region were due to the sugar hydroxyl 
group through the deuterium  exchange study. Fraction 13 looks like #W  in our solvent 
fra c tio n a tio n .
From the above experimental results, it can be concluded that pyrolysis tar can 
be fractionated into two main fractions. #W  is a carbohydrate rich fraction com ing from 
pyro lysis o f ce llu lose and hem icellu lose. #M C is a phenol rich fraction com ing from 
pyro lys is of lignin.
4. Phenols in #MC and Their Stability
Lignin can best defined chem ically as irregular po lym er of phenylpropane units. 
Hardwood lignins are formed from coniferyl and syringyl alcohol. The most im portant 
type o f linkage is the a lky l-a ry l ether, w ith a -  and a iky l-a ry l e ther m aking up 
approxim ate ly 54-68%  of total interunit linkages o f lignin. Based on bond energy, th is 
type o f linkage should be more therm ally labile than the carbon-carbon bonds and 
there fo re , should  be the most im portant in de term in ing the m ajor prim ary pyro lys is  
reac tion . It w as show n by Dom burgs^ ^ tha t p -a ry l e the r bonds in lign in  m odel 
com pounds are cleaved in the tem perature range of around 310°C . In addition, it was 
shown by Klein and V irk 'i'^ tha t ether bond cleavage yields vo la tile  monom eric phenolic 
com pounds. Squire and Solom on^Z have extensive ly studied the pyrolysis o f steam 
exp losion lignin extracted by a varie ty o f solvents. A global pyro lysis m echanism  for 
lignin w as developed based on two com peting reactions; the breaking of the weak 
in terun it bonds liberating tar m olecules and the cleavage o f funtional groups to liberate 
light gases. Martin et a l^^ studied the pyrolysis o f m illed wood lignin by interfacing the 
pyro lys is  un it w ith gas chrom atography-m ass spectrom ete r. They found^S d iffe ren t 
com ponents  in the m illed wood lignin from  spruce, beech and bam boo. A na ly tica l 
pyro lys is  has served as a tool for lignin structure chem ists, but the results of these 
studies can also applied to pyrolysis studies.
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M ost com ponents in #M C com e from lignin pyro lysis. Phenols in #MC were 
converted to acetates with acetic anhydride and analysed by capillary GC with Hewlett 
Packard H P1 fused silica capilla ry column coated w ith crosslinked methyl silicone. The 
tem pera tu re  program  was 1 1 0 °C  + 15 °C / min to 270®C. S ixteen m ajor peaks were 
detected among which nine peaks were identified by GC-MS com paring with published 
data o f phenols from lignin.54,55 They are all phenols com ing from lignin. Q uantitative 
analysis was done using tetracosane as internal standard, assuming all phenols have the 
same response factor as syringol which is the major product. The content o f phenols in 
#MC is listed in Table 14. The m ajor com ponent is syringol. This agrees with the lignin 
structure o f cottonwood. Cottowood lignin is com posed of syringyl and guaiacyl units 
linked by e ther and ca rbon-carbon  bonds. The syringy l unit is the m a jo r unit in 
cottonwood lignin. All identified phenols com e from syringyl and guaiacyl units of lignin. 
Cottonwood contains 2.7%  vanillin , 5.7%  syringaldéhyde based on wood. McGinnis and 
co w o rke rs^G  pyro lyzed a va rie ty  o f lign ins prepared from  hardw ood and softwood 
species. The pyro lysis products were analyzed by gas chrom atography. Four m ajor 
com pounds, gua iaco l, m ethyl guaiaco l, syringo l, syringaldéhyde w ere identified . All 
lignin sam ples prepared from  m ixed hardwood, and aspen had syringol as the m ajor 
product. As reviewed by Allen and Matilla,"^® acid and basic salts or oxides of metats(Ag, 
Ni, Zn, Pd) exert little influence on the pyrolysis reaction of lignin. Main pathways in 
pyro lys is  o f lignin are shown in F igure 2, There are tw o poss ib le  w ays to form  
lign in -like  po lym er in the tar. The firs t way is that lignin is pyro lyzed to m onom ers 
which in teract with each other to form  polym er and condense as liquid tar. The second 
w ay is tha t lign in is pyro lyzed  to o ligom ers such as d im er, trim er w h ich  form  
lign in -like  po lym er in the tar. O ligom ers consisting of three or four C g-C g units are
volatile  under the condition of our pyrolysis. These oligomers seem not pass through the 
cap illa ry  colum n, so are not de tected in GC. The y ie lds of m onom er products are 
influenced by the extent of lignin ’s condensation. As discussed earlier, ether bonds will 
readily c leave under pyro ly tic  conditions. Thus, less condensed lignins which have a 
large p roportion  o f e the r linkages should resu lt in a g rea te r product y ie ld  during 
p y ro ly s is .
Phenols in #M C are not stable at room tem perature. Fresh #MC was obtained 
from vacuum  pyrolysis o f o rig ina l cottonwood at 500°C  as follows. 15 mL CH2C I2 and 
15 mL w ater were d irectly  added to the pyrolysis tube to extract tar, then separated in
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Figure 8  Gas Chromatography of Acetates of #MC Fraction
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Table 14 Phenols in #MC (% of Drv Cottonwoodt
Tar component Fresh #MC Aged #MC^ Aged #M C^
Unknown 0.07(0.44) 0.02(0.13) 0.02(0.14)
Unknown 0.07(0.40) 0.01(0.07) 0.01(0.07)
Guaiacyl Methane 0.07(0.42) 0.02(0.17) 0.02(0.16)
Unknown 0.05(0.30) 0.01(0.07) 0 .0 1 (0 .1 0 )
Syringol 0.18(1.15) 0.08(0.60) 0.11(0.85)
Vanillic Aldehyde 0.04(0.24) 0.02(0.13) 0.02(0.15)
Syringyl Methane 0.09(0.57) 0.04(0.27) 0.06(0.43)
Vanillic Acid Methyl Ester 0.03(0.22) ND ND
Unknown 0.03(0.18) ND ND
Unknown 0.04(0.24) ND ND
Syringyl Ethane 0.09(0.56) 0.01(0.09) 0.02(0.16)
Unknown 0.02(0.13) 0.02(0.13) 0 .0 1 (0 .1 0 )
Unkown 0.03(0.22) 0.03(0.22) 0.04(0.32)
3-Syringylprop-2-ene 0.07(0.47) 0.02(0.16) 0.02(0.15)
Syringylaldehyde 0.06(0.37) 0.03(0.20) 0 .0 1 (0 .1 1 )
Syringylethanone 0.12(0.76) 0.03(0.26) 0.01(0.07)
Recovery 1.06(6.67) 0.34(2.50) 0.36(2.81)
1. One week 2. Two week ND. Not detected 
Figures in parenthesis are % content in # MC
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the separating funnel. Fresh #MC was acetylated Im m ediately and analyzed by capillary 
GC. Fresh #M C stood at room tem perature for one and two weeks. Aged tars were 
analysed by the same method. Phenol contents In fresh #M C, and #MC aged at room 
tem perature fo r one, two weeks are listed In Table 14. All phenol contents decreased. 
Most like ly they are polym erized. From previous results, 80% of lignin is pyrolyzed to 
tar. It can be specula ted tha t in the high tem pera tu re  pyro lys is , m onom ers and 
oligom ers from lignin pyrolysis interact w ith each other to form polym ers and condense 
as liquid tar. These phenols constitute 1% o f cottonwood, 5%  of lignin. This means that 
only sm all proportion o f compounds from lignin exists as monomers.
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CHATER 3 CONCLUSION AND SUMMARY
1. O rig ina l cottonw ood conta ins 0.3% metal ions. M ajor metal ions are Ca++ and K+. 
Levoglucosan is a product in orig inal cottonwood tar, but its y ie ld  is rather low, about
0 .5 % . T h e  n e x t tw o  m a in  p ro d u c ts  a re  1 ,2 ,3 - tr i h y d ro x y  b e n ze n e  and 
1,2 ,4-trihydroxybenzene. Six com ponents are identified  in the d is tilla te  in addition to 
water, am ong them glycola ldéhyde is the major product, having a yield of 5%. Removal 
o f m etal ions from the wood has a dram atic influence on pyro lys is and on ta r and 
d is tilla te  com ponents. Ta r y ie ld  increases, d is tilla te  y ie ld  decreases. Levoglucosan 
increases from  0.5%  to 5%. O ther anhydrosugars a lso im prove. H ydroxybenzenes 
become less. G lycolaldéhyde and other components in the distillate decrease.
2. D ifferent m etal ions have been incorporated into acid washed cottonwood by ion 
exchange. These ions include alkali, alkaline earth and transition metal ions. The most 
e ffic ien tly  incorpora ted  m etal ion is iron, about 0.066 m m ole/g of wood. Pyrolysis 
results of ion exchanged cottonwoods reveal that in the orig inal cottonwood mainly K+ 
influences pyro lys is . K+ increases g lyco la ldéhyde, decreases levoglucosan. Li+ has 
sim ilar properties to K+. The surprising discovery is that transition metal ions have the 
opposite e ffect from  alka li metal ions. Transition metal ions increase levoglucosan, 
w hile  de crea s ing  g lyco la ldéhyde . The m ost e ffic ie n t ion is iron, which increases 
levoglucosan from  5% to 15%. Two alkaline earth metal ions Ca++, Mg++ have different 
p rope rties . Ca++ exerts a sm all in fluence on the pyro lysis, w hile  Mg++ acts like a 
transition metal ion. At present, it is d ifficu lt to explain why these metal ions have such 
effect on pyrolysis.
3. O rig ina l co ttonw ood ta r can be so lvent frac tiona ted  into several fractions w ith 
d iffe ren t propertes. Two m ajor fractions are #MC and #W . M ost com ponents in #MC 
are phenols from  lignin. Its H NMR is sim ilar to lignin. It conta ins 1.0 mole phenolic 
O H/per mole O CH 3 and 0.8 mole alcoholic OH/per mole OCH3 . Nine phenols are Identified
in #M C . S yringo l is the  m a jo r product. These pheno ls  are not stab le  at room 
tem perature, probable polym erizing. #W is a carbohydrate rich fraction. There are two 
regions in  ̂H NMR. One region is from 1.2 ppm to 3.0 ppm. Another is from 3.2 ppm to
4.6 ppm. M ost com ponents are concentrated in these two regions. Some com ponents 
usua lly  ex is ting  in the d is tilla te  are also detected in #W . The major com ponent is 
glycola ldéhyde.
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CHAPTER 4 EXPERIMENTAL
1 . S a m p le  P re p a ra tio n
The sapwood o f a 20 year old black cottonwood {P o p u lu s  trich oca rp a ) felled 
several years previously and stored under am bient condition , was W iley-m illed to 80 
mesh. The milled cottonwood sample was stored in a plastic bottle at -20°C .
2. Removal of Metal in Cottonwood by Mild Acid Wash.
Original cottonwood sam ple{36 g) was acid washed as follows. The sample was 
covered with washing liquid, 0.05 M HOI solution, degassed at 15 mm Hg and transferred 
to a glass column, eluted with 2 L 0.05 M HOI overnight, then washed with 2 L deionized 
w ater overn ight. The acid w ashed sam ple was filtered, vacuum  dried and stored at 
-2 0 ° C .
3. Glycan and Uronic Acid Analysis^^.SB
To 20 mg acid washed cottonwood and 5 mg Inositol, 300 uL 72% HgSO ^ w as
added, hydro lyzed at 30 °C  fo r 1 hour. 7 mL w ater was added to the test tube and 
transfered to 25 mL conica l, placed in 120®C autoclave for 1 hour. Hydrolyzate was 
diluted to 25 mL, neutralized w ith BaCO^ and centrifuged. The supernatant solution was 
stored in re frige ra to r.
To 1 mL supernatant solution, 1 mL N aBH ^/N H g solu tion(0.5 M NaBH^ in 2M
am monia) was added , and kept at 6 0 ^0  for 1 hour. 0.5 mL acetone was added. The 
solution was blown to dryness. The residue dissolved in 0.2 mL glacial acetic acid. 1 mL 
EtOAc, 3 mL acetic anhydride, and 0 .2  mL perchloric acid were added. The solution was 
m ixed thoroughly and kept at room tem perature for 5 min, then cooled in ice-bath. 10 
mL w ater was added, fo llowed by 0.2 mL N-m ethylim idazole. The solution was kept for 
ten min, then 2 mL CH2 CI2 was added. CH2CI2 solution was washed with 3x10 mL water.
At last CH2CI2 solution was dried over Na2 S 0 4 , and concentrated to 5 drops.
A uthentic g lycoses w ere treated with the same procedure for correction of acid 
degradation. A lditol acetates o f glycoses were analysed by GC using 3% ECNSS column. 
Tem perature program was 160°C  + 2°C /m in to 190°C. The retention time and response 
factor were determ ined using myoinositol as internal standard and shown in Table 15.
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Glycose Retention time Relative Response
Arabinose 4.75 0 .6 9
Xylose 6.36 0 .6 0
Mannose 9.85 0 . 6 6
Galactose 10.77 0 .7 8
Glucose 1 1 .90 0 .8 4
Myoinositol 1 3 .7 5 1 . 0 0
To 0.4 mL of the same hydrolyzate before neutra lization, 0.2 mL w ater and 3.6 
mL su lfu ric  ac id /te trabo ra te  so lu tion(0 .0125 M te trabo ra te  in concen tra ted  su lfu ric  
acid) were added. The mixture was shaken in a vortex m ixer and the tube heated in a 
w a te r ba th  a t 1 0 0 ° C  fo r 5 m in. A fte r coo lin g  in a w a te r-ice  ba th . 60 uL 
nL-hydroxyd iphenyl reagent was added. The tube w as shaken and w ith in  5 m in, 
absorbance measurement made at 520 nm. The reference was the same solution without 
addition of the reagent, which was replaced by 60 uL 0.5% NaOH. Galacturonic acid was 
used as standard and corrected for loss due to acid degradation.
4. Incorporation of Different Metal Ions into Acid Washed Cottonwood by 
Ion Exchange
10 g acid washed cottonwood was covered w ith 0.05 M chloride (CaCI, KCI), 
degassed at 15 mm Hg, transferred to a glass colum n, eluted overnight w ith 750 mL
0.05 M chloride solution, then washed w ith 1 L deionized water. Ion exchanged sample 
was filtered, dried in vacuum and stored at -20°C . It was found by ICAP that acetate had 
b e tte r ion exchange ab ility  than ch lo ride . So fo r another series o f ion exchange 
exp e rim e n t, w e used ace ta te (F e (O A c)2 . C u (O A c)2 , L iOAc, M n(O A c)2 , N i(O A c)2 , 
M g(O A c)2 , KOAc, Ca(O Ac)2 , Zn(O Ac)2 ) as ion exchange solution. The procedure was as 
same as chloride.
5. Pyrolysis Condition
Batch vacuum  pyro lysis was conducted at about 1 g sam ple under a flow  of 
n itrogen at approxim ate 1.5 mm Hg. Pyrolysis was carried out at 3500C /30 min and
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5 0 0 °C /5  min. The m ateria l condensed at room tem perature was described as tar. The 
m ateria l which was subsequently condensed at -40°C  was described as d istillate. Tar 
was d isso lved In m ethanol, ro tor-evaporated to dryness and stored at -20°C . D istillate 
was d ilu ted  w ith  deuterium  oxide conta in ing l-b u ty l a lcohol as Internal standard and 
collected in via l and stored at -20°C .
6. Gas Chromatography
Flame Ionization detection and Integration were used with the packed column 3% 
SE-52 on G asC hrom  Q (100-120 mesh) ( 2.2 mm O.D. x 2.4 m) progam m ed from 
1 3 0 ® C  to 2 5 0 °C  fo r 6 °C /m ln  fo r TM S e th e rs . T a r w as de rlva tlze d  fo r gas 
c h ro m a to g ra p h y  w ith  b is - { t r im e th y ls ily l) t r if lu o ro -a c e ta m id e  (B S T F A , S ig m a  
Chem ical Com pany) In pyrid ine (1:1) at 90°C  for 20 min a fter addition of D-glucitol as 
in te rna l s ta n da rd . The re ten tion  tim e and re la tive  response fac to rs  fo r va rious  
com pounds w ere determ ined with authentic com pounds and shown In Table 16.^^ The 
Identification o f peaks was done by com paring w ith authentic com pounds and by mass 
sp e c tro m e try .
7. NMR
The 1H NMR spectra were obtained with a JEO L FX90Q spectrometer operating at 
Internal lock w ith probe tem perature o f about 30°C . The chem ical shifts were obtained 
from au then tic  sam ple In deuterium  oxide using l-b u ty l a lcoho l(1 .2  ppm) as Internal 
s t a n d a r d . T h e  d istilla te  was dilu ted with 0 2 0 (0 .5  ml) contain ing l-bu ty l a lcohol as
in te rna l s tandard . In tegra tion  o f  ̂H NMR spectrum  provided re lative y ie lds o f the 
com ponents.^^
8. Metal Ion Content
The Inorganic constituents o f the wood sam ple were analyzed by Inductively 
coupled argon plasma (ICP) em ission spectroscopy at University o f Montana, School of 
F o re s try .
9. Solvent Fractionation of Original Cottonwood Tar
O rig ina l cottonw ood tar(pyro lys ls cond ition ; 500°C /5m ln , vacuum ) was solvent 
fractionated according to Figure 9. Tar(O.S g) was weighed and 10 mL water and 10 mL
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Table 16 Gas Chromatography of TrimethvI Silvl Ethers
Tar Com ponent Retention time(min) Response 1
5-(Hydroxymethyl)-2-Furaldehyde 4.6 0.30
1 ,2-Dihydroxybenzene 4.6 0.94
1 ,4-Dihydroxybenzene 5.7 0.92
1 ,5-Anhydro-3'L-arabinose 5.9 0.44
1 ,2,3-Trihydroxy benzene 8.1 0.98
1,2 ,4-Trihydroxy benzene 9.1 0.98
Levogalactan 9.9 0.72
Levomannan 1 0 .2 0.72
Levoglucosan(pyranose) 1 1 .0 0.72
Levoglucosan(furanose) 11.7 0.72
D-Glucitol(internal standard) 15.2 1.00
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Figure 9 Solvent Fractionation of Original Cottonwood Tar
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C H 2 CI2 were added separately and mixed thoroughly. About 5-10 mg tar did not dissolve 
in both solvents. The C H 2CI2 layer was separated from  the w ater layer in a separating 
funnel and CH2CI2  was added separately and mixed thoroughly. About 5-10 mg tar did not 
d isso lved in both solvents. The CH2 CI2 layer was separated from  the water layer in a 
separating funnel and the CH2 CI2 solution was dried over Na2 S 0 4  and then evaporated to 
dryness in a ro tor-evapora tor.
About 50 mg #M C tar was shaken with 10 mL CH 2 C I2  and 10 mL 1% NaOH
so lu tion . The CH 2 C I2  layer was separated and dried over w ith Na2 S 0 4  and rotor 
evaporated to dryness. The 1% NaOH solution was treated w ith 2 mL Am berlite resin 
IR-120(H), filtered and evaporated to dryness.
Ethyl acetate(10 mL) was added to the water layer and shaken thoroughly. The 
water layer was separated from the EtOAc layer and dried in a vacuum oven. 10 mL 1% 
NaHGOs solution was added to the EtOAc solution and stirred. Two layers were separated. 
The E tO Ac so lu tion w as ro tor-evapora ted to dryness. About 2 mL A m berlite  resin 
IR -120 (H) was added to the 1% NaHCOg solution, kept for 10 min, filtered, and dried
in ro to r-e vap o ra to r.
From experim ent results, #MC and #W  were the two m ajor fractions of tar. 
Various m ethods were used to characterize these two fractions. #MC tar was derivatized 
with BSTFA and analyzed by GC with the same method as the whole tar.  ̂H NMR of #MC 
tar was recorded with GDCI3 as solvent and TMS as internal standard.  ̂H NMR of #W  was
recorded with D2 O as solvent and l-butyl alcohol as internal standard. From the  ̂H NMR
spectrum  of #W , some com ponents were identified and quantitatively analyzed with the 
same m ethod as the d istilla te  analysis. Also #W  tar was derivatized with BSTFA and 
analyzed by GG with the same method as the whole tar analysis.
10. S ta b il i t y  o f #M C  T a r
#MG tar conta ined many phenols. These com pounds were not stable at room 
tem pera tu re . E fforts w ere made to check which com pounds decom posed at room 
tem p e ra tu re .
Pyrolysis o f orig inal cottonwood was done at 500®G for 5 min in vacuum and 15
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m L C H 2 C I2  and 15 mL water were added d irectly into the pyrolysis tube. The CH 2 CI2 
Iayer(#M C) and water layer(#W ) were separated in separating funnel and the CH 2 CI2 
solution was dried over Na2 S0 4 , then ro tor-evaporated to dryness at room tem perature 
to y ie ld  "fresh #MC tar". This was aged at room tem perature fo r one w eek and two 
weeks.
#M C tar sam ples were acetylated as fo llow s.^^ Acetic anhydride(10 parts) and 
pyrid ine(10 parts) were added to the sam ple(30 mg #M C tar). The solution was heated 
at SQOC for 20 hours. The acetylated sample was poured into water and after standing for 
10 min, 3 mL CHCI3 containing tetracosane as internal standard was added. THe CHCI3 
layer w as separated from the H2 O layer in the separating funnel, and washed with 5x15 
mL water. The CHCI3 solution was dried over Na2 S0 4  and then evaporated to dryness in a 
stream o f dry air.
Acety la ted #MC tar was analyzed by the Hewlett Packard 5890 C apilla rty GC 
equipped w ith Hewlett Packed HP1 fused silica capillary column coated by crosslinked 
m ethyl s ilicone, film th ickness: 0.33 m icron, column ID: 0.20 mm, column length: 12.5 
m. The tem pera tu re  program  was 1 10°C  + 15°C  to 270°C , then hold for 5 min. 
Capillary GC was coupled with a Hewlett Packard mass spectrometer. The mass spectra of 
the m ajor peaks were com pared with published data o f phenols from l i g n i n . 5 4 , 5 5  por 
quantita tive analysis, the capillary GC was coupled to the F.I.D. and it was assumed that 
phenols in #MC had the same response factor as syringol which was the major compound 
identified. Response factor of syringol to tetracosane was 0.76.
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